Abstract: Extraction of knickpoints or knickzones from a Digital Elevation Model (DEM) has gained immense significance owing to the increasing implications of knickzones on landform development. However, existing methods for knickzone extraction tend to be subjective or require timeintensive data processing. This paper describes the proposed Knickzone Extraction Tool (KET), a new rasterbased Python script deployed in the form of an ArcGIS toolset that automates the process of knickzone extraction and is both fast and more user-friendly. The KET is based on multi-scale analysis of slope gradients along a river course, where any locally steep segment (knickzone) can be extracted as an anomalously high local gradient. We also conducted a comparative analysis of the KET and other contemporary knickzone identification techniques. The relationship between knickzone distribution and its morphometric characteristics are also examined through a case study of a mountainous watershed in Japan.
Introduction
A knickzone is a locally steep segment along the longitudinal profile of a river, depending on its length often referred to as a knickpoint, considering that the length is short and regarded as a point on the longitudinal profile [1] [2] [3] [4] . Knickzones in the form of waterfalls often oc-*Corresponding Author: Tuba Zahra: Dept. of Natural Environmental Studies, The University of Tokyo, Kashiwa, Chiba, Japan; Email: tuba.zahra@gmail.com Uttam Paudel: Dept. of Natural Environmental Studies, The University of Tokyo, Kashiwa, Chiba, Japan Yuichi S. Hayakawa, Takashi Oguchi: Dept. of Natural Environmental Studies, The University of Tokyo, Kashiwa, Chiba, Japan cur in bedrock rivers [5] [6] [7] and are an indicator of channel adjustments to local or regional perturbations [8] [9] [10] . The steepening of a river reach occurs as a result of a number of factors and processes including resistant lithology and differential erosion [2, 11, 12] , transient response to base level change [13, 14] , change in shear stress leading to gully head propagation [15] , and changes in sediment loads from tributaries [16] . Knickzones that develop along the stream thalwegs or bedrocks influence the shape and trend of the longitudinal channel profiles. The controls of bedrock geology such as lithology, stratigraphy and structure on knickzone origin, morphology and evolution is a key component in geomorphic research [17] .
Morphometric analysis of longitudinal profiles with a knickpoint or knickzone has been used to understand landscape evolution with respect to local anomalies in tectonics and lithology, hydraulics, associated base-level changes, deformation of valley-side slopes and landslide damming, as well as sediment size [e.g. [18] [19] [20] . In spite of the widening scope of research in knickzone modeling [21] , generating a regional scale map of knickzones remains a challenge. Regional knickzone distribution maps are not only valuable resources for fluvial geomorphology [18, 22] but are recently being incorporated into mass-wasting inventories for improved detection of debris flow [20] .
Traditionally, knickzones are identified by visual inspection of river longitudinal profiles or their slope-area relationships [23] [24] [25] . Such manual interpretations make the studies subjective. Field observations and surveys for morphologically identifying knickzones [26] [27] [28] are also tedious. Therefore, some studies have pursued automated approaches for knickzone extraction. For example, Whipple et al. [29] applied the Stream Profiler Tool (SPT), and Hill and Stewart [30] used local changes in the normalized steepness index (ksn) from upstream to downstream.
Another method of knickzone extraction based on changes in stream gradient with respect to spatial scale was proposed by Hayakawa and Oguchi [3] that used a DEM (Digital Elevation Model) and GIS (Geographical Information System). The method consisted of a vectorbased semi-automated procedure that required somewhat time-intensive data processing (c.f. Section 3.3.1 for the processing time taken for each method) because of the independent use of GIS and spreadsheet software. Several studies, however, have applied their approach and found it to be useful [4, [31] [32] [33] .
To expedite the knickzone identification process, we developed a new raster-based software program called the Knickzone Extraction Tool (KET). Programmed in Python and deployed as an ArcGIS toolset, this tool automates the entire process, making the extraction of knickzones faster and more user-friendly. We also conducted a case study in a mountainous area of central Japan to evaluate the performance of the KET and investigate the relationship between knickzone properties and environmental factors.
Methods of automated knickzone extraction
This section briefly explains the existing tools or methods for knickzone extraction and comprises of two parts, Section 2.1 and 2.2. The former explains the existing methods of knickzone extraction that are popularly used and/or are in use, while the later introduces the Knickzone Extraction Tool (KET).
Existing methods
The existing methods include: the SPT [29, 43] the GIS-Knickfinder [34] , and the semi-automatic extraction method of Hayakawa and Oguchi ([3] ; hereafter referred to as SAKE). They are based on three distinct geomorphic properties: slope-area, slope-curvature, and stream gradient, respectively.
Stream Profiler Tool (SPT)
Based on the slope-area approach, the SPT uses ArcGIS (9x and 10x) and MATLAB (R2012a and later versions) to analyze the steepness index and concavity of river profiles [29] . The knickzones are thereby determined from an evaluation of the steepness index. The basic equation underlying the tool is:
This relationship is known as the Flint's Law [35] where S is the local channel slope, A the upstream drainage area, ksthe steepness index, and θ is the dimensionless concavity index of the curve. ks is used to identify knickzones as anomalies (deviations) from the trend of the river longitudinal profile. Although the SPT is widely applied to study the effects of tectonics, it is time intensive. The SPT uses the built-in hydrology and surface tools of ArcGIS (9x and 10x) for extracting the drainage components of flow direction, flow accumulation, catchment area, and other attributes such as channel slope, followed by visually interpreting plots of channel parameters to demarcate knickzones.
GIS-Knickfinder (GKF)
Based on ArcGIS (10x) and Python libraries, the GKF uses the slope-curvature approach applied to the entire raster layer instead of analyzing stream profiles individually [34] . The tool contains a set of algorithms related to drainage area and plan curvature. Knickzones (referred to as headcuts in the tool) are identified as pixels with a curvature less than a certain threshold and a drainage area greater than a certain threshold. The curvature threshold is the key to identifying knickzones based on terrain shape, whereas the drainage area threshold is used to exclude knickzones that are not along the main channel. The curvature values for a hilly area with moderate relief vary between −0.5 and 0.5, whereas for steep, rugged mountains (extreme relief), the values vary between −4 and 4 ( [7] ; Francis Rengers, personal communication). Curvature values may exceed these ranges for different areas depending on the topographical characteristics. The knickzones for each bedrock river can then be extracted by overlaying the vector line data showing the distribution of bedrock rivers.
Semi-Automatic Extraction (SAKE) Method
The SAKE method [3] is based on the assumption that the slope gradient along a river changes with measurement length, and a locally steep segment of the riverbed is considered a knickzone. The gradient of a river reach is: 
where d is the multi-scale measurement length, a is the regression coefficient, and b is the intercept. The relative steepness index R d is then defined as:
which represents the rate of gradient decrease with increasing d. R d shows how steep the point is locally compared to the trend of the stream gradient averaged over a longer d, and a threshold of R d can be defined for identification of knickzones. An average of the standard deviations of R d for all the rivers in a region is then used as the threshold [3] . SAKE has been applied for a regional scale analysis, and it has also been used to provide data on knickzone properties such as height, length, and gradient. These properties have been studied in relation to the altitude, upstream distance, drainage area, and geology to understand factors controlling knickzone formation [3, 33, 36, 37] . However, wider application of SAKE requires technical improvement, because it requires time-intensive data processing resulting from the separate use of ArcGIS (10x) and spreadsheet software.
New method: Knickzone Extraction Tool (KET)
The KET, a new raster-based Python script deployed in the form of an ArcGIS toolset, is proposed in this study. The KET intends to automate the process of SAKE for faster and more user-friendly knickzone extraction, but there are some differences from SAKE for technical reasons. For example, KET calculates G d using the following equation: e 3 ( Figure 1b ). The method of SAKE considers both the upstream and downstream elevations for detecting a locally steep segment; this method, however, is inapplicable to the uppermost section of the river. KET is applicable from the top of the river, so it requires a simple algorithm that follows the flow direction and is free from the ambiguity of determining the uppermost point of the river. This program,available as an ArcGIS toolset, utilizes the built-in spatial analyst functions in ArcGIS [38] for creating a hydrologically corrected (sink-filled) DEM and extracting the flow direction. Terrain analysis using DEM (TauDEM; [39] ), is used for computing slope averaged over a selected distance (SLPD) along the direction of flow. Figure 2 shows the flow chart of the KET algorithm that calculates SLPD for different d values from d min to dmax (the range of the gradient analysis) and represents the data as raster layers.
The SLPD raster layers are used in the following equation for the calculation of R d as a negative product of the regression coefficient signifying the decrease in gradient. 
Case study
This section comprises of three subsections that include a description of the study area (Section 3.1), the applications of the new and existing methods of knickzone extraction with parameter values for the study area (Section 3.2), and the results of comparison of these methods (Section 3.
3). We demonstrate this case study for a mountainous watershed with diverse topographic and geologic conditions in central Japan, providing an opportunity to assess the validity of the knickzone extraction methods with certain parameters.
Study area and data used
The study area ( Figure 3 ) is a mountainous region of the southwestern side of the Northern Japanese Alps, Gifu Pre- fecture, Japan. The study area consists of regular volcanic, plutonic and accretionary rocks in a region of varying topographies [40, 41] . The precipitation data from the nearest station (Takayama City; Japan Meteorological Agency) shows that the region receives average annual rainfall of 1700 mm . A number of waterfalls such as the Neo-no-taki Falls and the Mitsudaki Falls exist within the watershed that are less accessible and are limited to direct anthropogenic effects. Therefore, the watershed seems to be suitable for knickzone analysis. We used a 10-m DEM from the Hokkaido Chizu Corporation, Asahikawa, Japan with a UTM Projection (zone 53N) and a vector map of all the bedrock rivers in Japan (National Institute of Industrial Science and Technology, 2012). As measured from the later, the total length of the bedrock rivers studied was 742 km. A digital vector map of dam locations in Japan (National Land Numerical Information, 2009) was also used to avoid misidentification of dams as knickzones. In addition, a database of knickzone distribution based on a 50-m DEM [3, 4] was also used to extract knickzones inthe study area.
Application of the knickzone extraction methods
The four knickzone extraction methods described in Section 2 were applied to the case study area to obtain knickzone distribution maps. Knickzones with a length > 30 m and height ≥ 15 m were identified as well-defined knickzones. The range of stream length for gradient analysis using SAKE and KET (d min to dmax) is 30 to 1500 m based on the spatial resolution of the DEM and varies with a step of 30 m. The height threshold of ≥ 15 m reflects the vertical accuracy of the DEM (originally prepared using topo-map contours with 10 m intervals) and the existence of small check dams that are not included in the dam data.
To extract knickzones with the SPT method, a concavity index (θ) for all the bedrock reaches is required (Equation 1). The calculated concavity index of 0.5 is used. Similarly, for GKF a mean curvature value is required and was calculated to be −0.49. A curvature threshold of −4 was used for this study because a threshold of −5 led to underextraction of knickzones. Since the area has varying topography the value of channel curvature (θ) of the longitudinal profile from the head to the watershed outlet is the same for the entire length of the channel. But difference in gradient produces very different channel forms that influence the local curvatures values. Underestimates of knickzones might occur because the same curvature values (here −5) can exist for bedrock rivers having different gradients. The trend gradient threshold used for the SAKE method is 1.92 × 10 −4 m −1 , based on the sum of mean and standard deviation of R d for all the bedrock reaches in the study area, following the guideline of Hayakawa and Oguchi [3] . This threshold was also applied for extracting well-defined knickzones using KET (hereafter referred to as KET2), thereby reducing the number of ambiguous knickzones. For comparison, the threshold value 1.42 × 10 −5 m −1 from Hayakawa and Oguchi [4] was also used (hereafter known as KET1).
The general properties of knickzones, such as their frequency (the total number of knickzones divided by the total length of bedrock reaches), density (the total length of knickzones divided by the total length of bedrock reaches), and forms including the average height, length and gradient (height divided by length) were calculated for knickzones using the four methods. Although the original version of the GKF only provides concavity values of knickzones, we also extracted the height, length, and gradient properties.
Note that knickpoints from SPT are point data (knickpoints) along the river profile. As such, knickzone form characteristics like height, length, and gradient are not available. Characteristics like distance of the knickpoints from the river head and the watershed outlet were calculated from vector data of bedrock rivers because SPT does not provide them automatically. Alternatively, ks (from SPT) indicates the scaling between drainage area and channel slope and the parameters of the Flint's Law (Equation 1) morphological characteristics of the river profiles. Similarly, morphological indices like mean concavity (from GKF) and R d values (from SAKE and KET) were obtained for each knickzone.
Furthermore, we analyzed the locational intersection between knickzones based on whether a knickzone identified using one method exists within a certain distance of one identified using another method. In other words, an analysis of the intersection of knickzones within a certain distance is conducted. For the intersection distance, six values are used: 15, 30, 45, 60, 75, and 90 m. This analysis gives information about over-and under-extraction of knickzones using a certain method.
The results from the four methods using a 10-m DEM are also compared with the knickzones identified by Hayakawa and Oguchi [4] who used the SAKE method and a 50-m DEM. SAKE using a 10-m DEM is hereafter referred to as SAKE10, and SAKE using the 50-m DEM is referred to as SAKE50. It should be noted that SAKE50 is also used for the validation of knickzones since field validation of knickzones was difficult and SAKE50 includes some validated knickpoints from previous studies [42] . Additionally, the KET was run on the 50-m DEM (hereafter KET50) with the same threshold value as in Hayakawa and Oguchi [4] to test the influence of grid resolution on the distribution of knickzones. Trial runs were conducted with SAKE and KET (using a 64-bit operating system with a processing speed of 3.40 GHz and a 16 Gb RAM) to compare the time required for extracting knickzones using each method.
In addition, the frequency of knickzones was also computed for each bin of locational factors such as altitude, distance from watershed outlet, drainage area and the stream gradient for d = 750 m. This value of d was selected based on a gradient analysis conducted using the SAKE method, where the stream length gradient of all streams indicated changes at d = 750 m, thus demarcating it as the trend gradient for streams in the study area.
Results
This section comprises of results from the comparative analyses of the new and existing methods of knickzone extraction, and has been grouped into three subsections: the spatial distribution of the knickzones extracted (Section 3.3.1), their intersections (Section 3.3.2), and their properties and morphometric characteristics (Section 3.3.3).
Distribution and basic properties of knickzones
Distribution maps of the knickzones extracted based on the aforementioned methods depict high knickzone concentrations in the mountainous areas and southwestern slopes of Mount Ontake (Figure 4) . The spatial distribution of knickzones in the study area determine their locational properties and the morphometric characteristics of knickzones and have been discussed briefly in Section 3.3.3.
Using SPT, a total of 113 knickzones were extracted (Figure 4a) Table 1 .
Intersection of knickzones
Regarding the intersection of knickzones ( (Table 3) . At a distance of 90 m, 97.69% of knickzones from KET2 intersect knickzones from SAKE10, and 51.41% of knickzones from SAKE50 are within 90 m of the SAKE10 knickzones. Of the total knickzones extracted using SAKE10, 16.88% of the knickzones intersect with knickzones from KET2. Though the degree of intersection is highest for distances of 90 m, considerably good results are also found at 45 m. The rates of increase of the percentage of intersection from 45 to 60 m, 60 to 75 m, and 75 to 90 m distance are approximately 1.15%, 0.39%, and 0.77%, respectively ( Table 2 , Column: SAKE50_KET2).
The degree of intersection between SPT and SAKE10 (Table 4) at 90 m distance is 33.05%, which is much less than that for GKF (85.47%). This signifies that some knickzones from GKF, SAKE10, KET1, and KET2 intersect one another and also overlap knickzones from SAKE50 at different degrees of intersection. At 15 m, SPT has very low values of intersection with all other methods, because the knickpoints are available as point data (refer to Figure 4a) , which reduces the possibility of intersection with knickzones extracted using other methods.
At 15 m, the degree of intersection between KET50 and KET2 was 100%, whereas the degree of intersection between KET50 and KET1 was only 67.23%. This is because the knickzones from KET50 are longer than the welldefined knickzones with shorter lengths from KET1 and KET2. This is also the reason why the degree of intersection was highest with KET50 was highest at a distance of 15 m for knickzones from all the methods (Table 5 ). Another reason is the small number of knickzones from KET2.
However, the degree of intersection between SAKE50 and KET50 (10.32%) is much lower than the degree of intersection between SAKE10 and KET50 (15.53%). In the former case, the same threshold was used on a 50-m DEM, whereas the latter used a 10-m DEM with a different threshold for knickzone extraction. The intersection of knick- zones KET50 and those from SPT and GKF was limited to distances of 15 and 30 m, and very few or no intersection was found at higher distances. This is because knickpoints from SPT are point data, whereas knickzones from GKF are small in number and located in the upstream areas.
Knickzone properties and morphometric characteristics
Analysis of the frequency of knickzones computed for each class of elevation, distance from the watershed outlet, 
Discussion
The knickzone distribution maps with their morphological properties with respect to bedrock rivers, such as normalized steepness index, curvature, and relative steepness index, are not only useful for landscape evolution studies but are also important to studies that (1) rely upon tectonic and climatic signals stored in stream longitudinal profiles, (2) evaluate the parameters of stream incision, and (3) examine the effects of natural barriers upon aquatic biota. Though the SPT method is time-intensive, the resulting knickzones are used in tectonic uplift studies because the exponent of drainage-area and slope re-lationship includes parameters that represent uplift and erosion processes [43, 44] . The channel steepness (ks), a useful index for tectonic geomorphic studies [45, 46] has been found to correlate with rates of rock uplift, exhumation, and stream incision [47] . The GKF tool is still under development. Although it can be used for analyzing and modeling gully head cut dynamics [48] , it has not been fully implemented for extracting knickzones on a regional scale (Rengers, personal communication) . Though SAKE calculates knickzone form parameters semi-automatically and has been used in applied studies [33, 37, 49] , using SAKE over large datasets will increase computational time because of its dependence on spreadsheet software for data analysis. Moreover, increasing use of high-resolution DEMs for geomorphological studies leads to increasing calculation times and computational bottlenecks [50] . As such, improved methods of mapping and modelling of landforms are becoming a prerequisite for analyzing processes using high-resolution DEMs. Thus, the development of a fast and automated process for regional knickzone mapping is therefore significant. KET is advantageous over all other methods because it is faster and more automated, as shown by the time required for runs using both 50-m and 10-m DEMs to process large datasets as well as datasets of varying grid sizes and resolutions. In addition, increased availability of high-resolution airborne Li-DAR DEMs may increase the possibilities of false detection of knickzones. In this study KET yielded high R d values for false knickzones especially at dam locations along the bedrock profile, which were manually eliminated. One of the drawbacks of KET is that, similar to the SAKE method, its initial input parameters (the range of the stream gradient calculation and the threshold of R d ) used for the determination of the knickzones are defined separately with a certain criteria. Because different thresholds for knickzone extraction result in different numbers of well-defined knickzones (Figure 4e and 4f) , they influence the knickzone frequency values which are essential for comparison with morphometric characteristics. For example, in Figure 5 , knickzones from KET1 reveal the frequency of occurrence with respect to form properties more explicitly than the knickzones from KET2. Options for objective determination of thresholds will increase the usability of the KET for knickzones extraction and applied studies.
In addition, the scale of the initial input parameters plays a significant role in determining the accurate location of knickzones along the bedrock rivers. The minimum distance for the calculation of G d and R d was 30 m for the 10-m DEM but 80 m for the 50-m DEM (Table 1) . If the threshold of R d is within the input scale range for stream gradient calculation, the results are similar, even if different grid resolution DEMs are used (Figure 5d ). Grid resolution, however, influences DEM derivative products such as slope and flow direction on a cell-by-cell basis [51] . In the case of knickzones extracted using a 50-m grid resolution, the aggregation of flow accumulation values have led to differences in the derivation of geomorphological properties; for example, concentrations of flow accumulation at each pixel (referred here as drainage area) increases compared to knickzones in 10-m grid resolution (Figure 5c ). Advancements in mapping spatial patterns of streams, their morphometric parameters and related uncertainties [52, 53] highlight the need to measure and analyze channel forms at different grid resolutions. In this study, the ability of the grid resolutions to capture the variability in the stream gradient (Figure 5d ), an important aspect that varies spatially along the river, represents the influence of multi-resolution DEMs on knickzone extraction. Moreover, the R d values derived from stream gradients that are used for thresholding and determining knickzones are also affected. This is because the suitability of the grid size for each type of terrain and the size of the area of interest influence the lengths of the streamlines and channel slopes [54, 55] , which subsequently alter not only the locations of knickzones but also their properties ( Figure 5 ). This leads to uncertainty in the location of knickzones and their resulting distribution maps. This fact is illustrated in Figure 6 , where knickzones extracted using all methods occur at similar locations, along a selected bedrock river profile, exemplifying the importance of studying the influence of multi-resolution DEMs and the locational uncertainty of knickzone distribution in the future.
Conclusion
This study applied the newly developed KET to central Japan and compared the results with other existing methods of knickzone extraction like STP, GKF and SAKE. The results indicate that KET is useful for extracting knickzones by detecting anomalies in the stream length gradient. The KET performs well in detecting prominent knickzones in the upstream areas, although it is dependent on the applied threshold values, as is the case for the SAKE method. The KET is more automated and requires less time to run than the previous methods. Our analysis suggests that DEM resolutions do not significantly affect the detection of prominent knickzones, although they affect the values of some morphometric parameters. Future research should include accuracy assessments based on field val- idated knickzone locations. This is because KET was used for the first time in comparison with other tools, so all the methods were applied to a single study area. Currently, the tool is being applied to an ongoing research on another geologically different study area in Japan to test the transferability of the toolset in different geological settings (Figure 7) .
The recent version of the KET with a tutorial and sample data are accessible from this link: http://topography. csis.u−tokyo.ac.jp/resources/tools_ket/index.html. Any future updates of the tool and references to its applications in future studies will also be available at the above address.
